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The lithium-rich layered oxides are one of the most attractive cathode materials for lithium-ion batteries. Here, two types of Li1.20Ni0.32Co0.004
Mn0.476O2 were synthesized using Li2CO3 and LiOH as lithium sources. An electrochemical activation process occurs in Li1.2Ni0.32Co0.004
Mn0.476O2 prepared from Li2CO3 (LLO-1), while no obvious activation in Li1.2Ni0.32Co0.004Mn0.476O2 prepared from LiOH (LLO-2) is observed.
Via advanced scanning transmission electron microscopy (STEM), we found that Li2MnO3-like structure is rich in the surface region of LLO-2.
The study provides a direct explanation for the electrochemical activation of lithium-rich materials. The sample with more LiMO2-like phase at
the surface region shows a better cycling performance. It is likely that more LiMO2-like phase at the surface region could stabilize the interface
and improve the cycling performance of the Li-rich cathode materials.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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The continuing drive for high performance lithium ion batteries
to power the portable, entertainment, computing and telecommu-
nication equipment imposes strict demands on the cathode
materials they utilize [1,2]. Among the cathode materials,
lithium-rich layered oxide materials have attracted much attention
as they exhibit much higher capacities (250 mAh g1) than the
traditional cathode materials such as LiCoO2, LiFePO4 and
LiMn2O4 spinel [3–6]. However, lithium-rich layered oxide
materials has several problems, such as, voltage degradation,
capacity fading and slow charge/discharge rate [7]. Many
research groups are working on lithium-rich layered materials
to address these issues [8–11], but the microstructure of such
materials, the voltage degradation and the anomalous large
capacity are still not clear and under debate./10.1016/j.pnsc.2014.07.005
14 Chinese Materials Research Society. Production and hosting by
g author.
ss: liuyanyan@aphy.iphy.ac.cn (Y. Liu).
nder responsibility of Chinese Materials Research Society.The electrochemical activation in the early stage of cycling
may occur in lithium-rich materials. Recently, Yu et al.[12]
found that 0.5Li2MnO3_0.5LiMn0.42Ni0.42Co0.16O2 consisting
of an Li2MnO3 component cannot be completely activated in
limited cycles, and two cycling stages exist during long time
cycling. In the ﬁrst stage, the charge and discharge capacities
increase with cycling, while they decrease during the second
stage. Yu et al.[12] reported that the continuous activation
process of the residual Li2MnO3 component is correlated with
voltage decay and capacity increases for the initial several
cycles. Wang et al. [13] observed that the capacities of samples
synthesized at 950 1C and 1000 1C for 24 h increased with
cycling and become stable after a speciﬁc number of cycles.
Although the electrochemical activation of lithium-rich materi-
als has been reported, it is still not clear why the electro-
chemical activation process occurs and what is the relationship
with electrochemical performances. The answers to these
questions critically depends on the atomic level structural
analysis of the lithium-rich materials.
We synthesized two types of lithium-rich materials using
Li2CO3 and LiOH as lithium sources, respectively. One of themElsevier B.V. All rights reserved.
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Fig. 1. XRD patterns of the hydroxide precursor, LLO-1 and LLO-2.
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corrected scanning transmission electron microscopy (STEM)
imaging was used to probe the atomic structure of the surface
region of the lithium-rich materials. It was found that both layer-
structured cathodes are a random mixing of LiMO2 R-3m and
Li2MnO3 C2/m phases, with different amounts of LiMO2-like
structure contained in the surface region. Mechanistically, the
amount of LiMO2-like structure (or Li2MnO3-like structure) at the
surface region plays a key role for the electrochemical activation
of lithium-rich materials. The different electrochemical perfor-
mances are also analyzed accordingly.
2. Experimental
2.1. Synthesis
Li1.20Ni0.32Co0.004Mn0.476O2 (Li1.20[Ni0.4Co0.005Mn0.595]0.8
O2 ) was synthesized by a solid-state reaction from Ni0.4
Co0.005Mn0.595(OH)2 and lithium salts(Li2CO3, LiOH). The
Ni0.4Co0.005Mn0.595(OH)2 was prepared by a co-precipitation
method as reported earlier[14]. A mixed aqueous solution of
NiSO4, CoSO4, and MnSO4 (0.4:0.005:0.595 in molar ratio) with
total metal ion concentration of 4.0 mol L1 was pumped into a
continuously stirred tank reactor. At the same time, a 8.0 mol
L1 NaOH solution (aq) as precipitant and the desired amount of
NH4OH solution (aq) as a chelating agent were also separately
fed into the reactor. The concentration, pH, operation temperature
and the stirring speed in the reactor were carefully optimized. The
obtained Ni0.4Co0.005Mn0.595(OH)2 particles were then ﬁltered,
washed and dried at 110 1C. The as prepared hydroxides were
thoroughly mixed with appropriate amount of Li2CO3 and LiOH,
then preheated at 400 1C for 4 h, and ﬁnally calcined at 900 1C
for 20 h in air. The Li1.20[Ni0.4Co0.005Mn0.595]0.8O2 prepared with
Li2CO3 and LiOH are labeled as LLO-1 and LLO-2, respectively.
2.2. Electrochemical characterization
For the fabrication of the electrode, LiMn2O4 was mixed
with conductive acetylene black and polyvinylidene ﬂuoride(PVdF) binder in a weight ratio of 8:1:1. The electrolyte used
was EC (ethylene carbonate) and DMC (dimthyl carbonate)
(1:1 by volume)/1M LiPF6. Lithium metal disc was used as the
anode. Cells were assembled in an argon-ﬁlled glove box.
Charge and discharge tests of the cells were carried out at room
temperature. The experiment was performed on the charge and
discharge of constant current within the operating voltage
range of 4.8–2.0 V with a current density of 0.2 C.
2.3. Microscopy
An aberration-corrected scanning transmission electron
microscope JEM ARM200F (JEOL, Tokyo, Japan) equipped
with two CEOS (CEOS, Heidelberg, Germany) probe aberra-
tion correctors was used to probe the structure at atomic scale.
Z-contrast annular bright ﬁeld (ABF) and high-angle annular
dark ﬁeld (HAADF) imaging was performed in thin specimen
regions with a probe convergence angle of 25 mrad. The
collection angle of them is 12–24 mrad and 70–250 mrad,
respectively. For each sample, the representative images were
selected for analysis.
3. Results and discussion
Fig. 1 shows the XRD patterns of hydroxide precursor and
as-prepared lithium rich layered Li1.2Ni0.32Co0.004Mn0.476O2
(LLO-1, LLO-2). The XRD pattern of the hydroxide precursor
can be indexed based on Ni(OH)2 (P-3m). The absence of an
impurity phase indicates that a solid solution of hydroxides of
manganese, nickel, cobalt has been prepared. All the diffrac-
tion peaks of LLO-1 and LLO-2 can be indexed to a hexagonal
α-NaFeO2 type structure with the R-3m space group [15]. The
well resolved splitting of (006)/(102) facets and (108)/(110)
facets reﬂections were also indicative of a well-deﬁned layered
structure [16,17]. There were no impurity phases in these two
samples detected by XRD. The weak peaks between 201 and
251 were attributed to the superlattice ordering of lithium and
transition metals in the transition metal layer, corresponding to
Li2MnO3 phase. Only one peak at 20.71 can be identiﬁed in
Fig. 2. SEM images of (a) Ni0.4Co0.005Mn0.595(OH)2 made by coprecipitation, (c) LLO-1, (e) LLO-2, and their magniﬁed images (b,d and f).
D. Tang et al. / Progress in Natural Science: Materials International 24 (2014) 388–396390the LLO-1, which can be indexed to (020) diffraction of
Li2MnO3, while three weak peaks at 20.71, 21.71 and 24.21
can be indexed to (020), (110), and (111) diffractions of
Li2MnO3 in the LLO-2, which indicates higher order degree of
lithium and transition metals in the transition metal layers of
LLO-2. The samples of LLO-1 and LLO-2 were found to have
a lithium content of 1.13 and 1.15, as indicated by the ICP
analysis. The deviation from stoichiometry can be attributed to
the loss of lithium during sintering. However, both samples
show similar lithium content.Fig. 2 shows SEM images of Ni0.4Co0.005Mn0.595(OH)2,
LLO-1 and LLO-2. As shown in Fig. 2a, it is clear that
Ni0.4Co0.005Mn0.595(OH)2 prepared by the coprecipitation
method exhibit spherical morphologies with a diameter around
6–10 μm, the enlarged image of Ni0.4Co0.005Mn0.595(OH)2
(Fig. 2b) shows that the primary particle is needle-like. The
as-prepared Li1.2Ni0.32Co0.004Mn0.476O2 with different lithium
salts preserve the spherical morphologies (Figs.2c and e).
However, the primary particles of LLO-2 are larger than that of
LLO-1 (Figs.2d and f).
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Fig. 3. Charge/discharge curves and their diffrential curves of LLO-1(a and b) and LLO-2(c and d).
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curves are shown in Fig. 3. It is obvious that the charge
capacity increases while the charge voltage decreases (espe-
cially around 3.5 V) with cycling. Besides, the discharge
capacity and voltage remain unchanged above 3.5 V, while
below 3.5 V, both the voltage and discharge capacity increase
with cycling. More detailed information of LLO-1 can be seen
from the dQ/dV vs. V plots in Fig. 3b. Obviously, during the
oxidation process, a new oxidation peak O1 appears after
cycling, and the intensity of which becomes stronger with
cycling. This indicates that the content of activated phase
derived from the Li2MnO3 component increases step by step
with cycling. Consequently, the charge capacity increases, and
the charge voltage decreases gradually which attributes to the
lower redox reaction voltage of Mn3þ /Mn4þ with respect to
that of nickel and cobalt. During the reduction process, a new
peak R1 also appears and grows stronger with cycling. The
variation trend of dQ/dV curves evidence again that the O1/R1
peak is the redox characteristic peak for Mn3þ /Mn4þ , and the
activation of Li2MnO3 in LLO-1 actually occurs in the cycling
process. Fig. 3c shows the charge/discharge curves of LLO-2,
it is obvious that the charge capacity decreases with cycling.
Besides, the discharge capacity and voltage decreases also withcycling. More detailed information of LLO-2 is shown in the
dQ/dV vs. V plots (Fig. 3d). The intensity of the oxidation
peak O1 grows stronger, and the intensity of reduction peak
R1 grows slightly, while the O2/R2 and O3/R3 decreases in
large extend. It is due to two possible reasons. Firstly, layered-
to-spinel phase transition of lithium-rich materials lowers the
voltage of charge/discharge, which could increase the area of
O1/R1 peak [7,11]. Secondly, the activation of Li2MnO3 in
LLO-2 also occurs during the cycling process, although the
whole charge/discharge capacity decreases with cycling. How-
ever, even all the increased area of O1/R1 peak ascribes to the
activation of Li2MnO3, the electrochemical activation process
of LLO-2 is not so obvious.
Fig. 4 shows the cyclability and columbic efﬁciency of
LLO-1 and LLO-2. The capacity of LLO-1 increase with
increasing cycle number and become stable after a speciﬁc
number of cycles. Although the ﬁrst discharge capacity of
LLO-2 (240.5 mAh g1) is much higher than LLO-1 (197.6
mAh/g), it dropped much faster during the following cycles,
after 45 cycles, the discharge capacity decay is 36.8%,
signiﬁcantly higher than that of LLO-1. On the other hand,
LLO-1 and LLO-2 have shown similar columbic efﬁciencies in
cycling.
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Fig. 4. Cycling performances (a) and columbic efﬁciencies (b) of LLO-1 and LLO-2.
Fig. 5. (a) Crystal structure of the rhombohedral LiMO2 structure (space group: R-3m); (b) monoclinic Li2MO3-like structure (space group: C2/m).
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formula LiMO2 which is based on the α-NaFeO2 type structure
(space group: R-3m). The structure can be described as layers
of MO6 octahedra (so-called “slabs”) alternatively stacked with
layers of LiO6 octahedra (so-called “inter-slabs”). Fig. 5b
shows the layered oxides with formula Li2MnO3, which can
also be written as Li[Li1/3Mn2/3]O2 (space group: C2/m). It is
can be described as 1/3 Li substituted 1/3 Mn in the transition
metal layer, as their differences of ionic radii, an ordering
between Liþ and Mn4þ ions occurs into the slabs. The
microstructure of lithium-rich materials is controversial and
is still under debate. Some groups are considering this material
as a “composite” one being built on the base of LiMO2 and
Li2MnO3 [18,19]. Others are considering this material as being
homogeneous, built only on the base of Li[LixM1x]O2 [8,20].
Employing the aberration-corrected STEM technique
equipped with annular bright ﬁeld (ABF) and high-angle
annular dark ﬁeld (HAADF) detectors, the structure of LLO-
1 and LLO-2 could be identiﬁed directly at atomic scale [21].
Fig. 6 shows the HAADF images of the surface region ofLLO-1 and LLO-2. As the contrast exhibits a Z1.7 dependency
for HAADF imaging [22], light elements, such as Li and O,
are invisible in the HAADF images, on the contrary, the
contrast of the heavy element, such as Mn, Ni, Co, is
enhanced. Several particles are analyzed and the results are
consistent, so the representative images are shown here. In the
structure of LLO-1 (Fig. 5a), the atomic arrangement is not
homogeneous, which can be identiﬁed as a “composite”
structure of LiMO2 and Li2MnO3. Several different lines can
be identiﬁed. Continuous bright spots are shown in the “α”
line, although the intensity of contrast is different among spots,
which indicates a defect MO2 layers of the LiMO2-like
structural units, the “β” line consists of a periodic sequence
of two bright spots and a dark spot, and the bright spots are
aligned to form continuous lattice fringes with 0.14 nm inter-
column spacing, corresponding to the LiMn2-like layers of the
Li2MnO3-like structural units. Even in the same line, like “γ”
line, MO2-like layers of the LiMO2-like structural units and
LiMn2-like layers of the Li2MnO3-like structural units are co-
exists. Besides, obvious distortions are found in the structure,
surface
bulk
surface
bulk
Fig. 6. HAADF images of surface regions of LLO-1 (a) and LLO-2 (b).
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interior stress to lower the bulk energy. The structure of LLO-2
is similar to LLO-1, though the distortion of LLO-2 is slightly
reduced.
Fig. 7 shows the ABF images and the line proﬁle of LLO-1
and LLO-2. In the ABF images, light element columns (e.g. O
and Li) can also be detected without difﬁculty. The bulk
regions of LLO-1 and LLO-2 are similar, while the surface
regions are quite different from each other. In the structure of
LLO-1 (Fig. 7a), no obvious periodic sequence of two bright
spots and one dark spots can be detected, which can be further
observed in the line proﬁle corresponding to each line, nearly
all the peaks of the same line shows similar contrast. The ABF
image and its corresponding line proﬁle of LLO-1 suggest the
amount of MO2-like phase is much more than that with LiMn2-
like structure. In LLO-2 (Fig. 7c), two bright spots and one
dark spots arranged alternatively, and in their line proﬁle
(Fig. 7d), several lines also shows that two strong peaks and
one week peak arranged periodically (band 3,4,5,6,8,9 and 10).
The ABF image and its line proﬁle suggest LiMn2-like phase is
much more than that with MO2-like structure.
Fig. 8 demonstrates the schematic of sintering process of LLO-
1, LLO-2 and their surface structures. Using different lithium
sources, we prepared two samples of lithium-rich material: LLO-
1 and LLO-2. Although the structure of their bulk regions is
similar, their surface regions are quite different. The amount of
LiMO2-like phase is much more than that with Li2MnO3-like
structure in LLO-1, while the amount of Li2MnO3-like phase is
much more than that with LiMO2-like structure in LLO-2.Wang et al.[13] attributed the electrochemical activation of
Li1.2Mn0.6Ni0.2O2 with heat treatment at higher temperature to
large particle size, which could limit lithium-ion diffusion,
they suspect that the particle size effect may become alleviated
with increasing cycle numbers. In our study, although LLO-2
shows larger primary particle size than LLO-1, no obvious
electrochemical activation can be observed.
We think that the surface structure is closely related to the
electrochemical activation of lithium-rich materials. Koga et al.
[23] investigated the irreversible structural reorganization occurs
upon cycling of the lithium- and manganese-rich layered oxide
Li1.20Mn0.54Co0.13Ni0.13O2, and found that a mixture of two
phases is formed on the high voltage plateau and is then
preserved upon long-range cycling. The impact of the particle
size and cycling conditions on the distribution between the two
phases shows that the surface and the bulk react differently.
So they suggest that oxygen participates in the reaction in two
different ways: In the bulk, oxygen only involves oxidation,
while in the surface, oxygen involves oxidation and departure of
O2. In their later publications [24,25], they further proves that the
bulk oxygen is oxidized without oxygen loss, whereas at the
surface oxygen is oxidized to O2 and irreversibly lost from the
structure. From our results, the electrochemical activation of
lithium-rich materials must be related to the evolving of O2 from
Li2MnO3 at the surface, resulting in the lower oxidation state of
Mn, which involves redox reaction during the following cycles.
Therefore, the structure of surface region is closely related to the
electrochemical activation of lithium-rich materials. In our study,
an obvious electrochemical activation occurs in LLO-1, where
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D. Tang et al. / Progress in Natural Science: Materials International 24 (2014) 388–396394more LiMO2-like structure exists in the surface region, while no
obvious electrochemical activation took place in LLO-2, where
less LiMO2-like structure exists in the surface region. So theamount of LiMO2-like phase at the surface region of lithium-rich
materials plays a key role for the electrochemical activation of
lithium-rich materials.
Fig. 8. Schematic of sintering process of LLO-1 and LLO-2, as well as their surface structure.
D. Tang et al. / Progress in Natural Science: Materials International 24 (2014) 388–396 395A reasonable explanation of the electrochemical activation is
that the oxygen in Li2MnO3-like structure at the surface
releases from the surface more readily, while more LiMO2-
like phase at the surface region could prevent the release of
oxygen from Li2MnO3-like phase in the inner part. It is still
unclear why the oxygen which could not release from the
surface in the ﬁrst cycle could release in the following cycles.
As we know, signiﬁcant structural instability has been well
recognized in lithium-rich materials [7,9,11,26–29], a layered
to spinel phase transition is usually observed upon cycling. We
think that the rearrangement of transition metals in the ﬁrst
cycle probably opens the door for oxygen releasing.
The sample with more LiMO2-like phase at the surface
region shows a better cycling performance. It is believed that
the layered to defect-spinel structure transition is one major
reason for the capacity decay of lithium-rich materials. In our
study, no obvious layered to spinel structure transition had
been observed in LLO-1 in the ﬁrst 19 cycles (Fig. 3a and b),
while the reduction peak of R1 in LLO-2 shift to the lower
voltage region (Fig. 3c and d), which may be related to the
formation of spinel-like structure. So we believe that more
LiMO2-like phase at the surface region could stabilize the
interface and improve the cycling performance of the Li-rich
cathode materials.
4. Conclusions
In summary, we used Li2CO3, LiOH as lithium source and
synthesized two types of lithium-rich Li1.20Ni0.32Co0.004
Mn0.476O2. Li1.20Ni0.32Co0.004Mn0.476O2 prepared from Li2CO3
shows an increasing charge and discharge capacity during the
cycling of the ﬁrst 19 cycles, while Li1.20Ni0.32Co0.004Mn0.476O2
prepared from LiOH shows an decreasing charge and discharge
capacity during the cycling. Although the capacity below 3.5 V
also increased with cycling, the activation level is much lowerthan Li1.20Ni0.32Co0.004Mn0.476O2 prepared with Li2CO3.
Besides, Li1.20Ni0.32Co0.004Mn0.476O2 prepared from Li2CO3
shows better cyclability than that prepared from LiOH. Via the
state-of-the-art ABF/HAADF STEM imaging, the amount of
Li2MnO3-like phase in the surface region of Li1.20Ni0.32-
Co0.004Mn0.476O2 prepared from Li2CO3 are much lower than
that of Li1.20Ni0.32Co0.004Mn0.476O2 prepared from LiOH, which
may be related to the electrochemical activation process and
good cyclability. The results may shed light on developing
lithium-rich materials with optimized surface microstructure and
good electrochemical performance.
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